Mutations in genes encoding the origin recognition complex (ORC) of Saccharomyces cerevisiae affect initiation of DNA replication and transcriptional repression at the silent mating-type loci. To explore the function of ORC in more detail, a screen for genetic interactions was undertaken using large-scale synthetic lethal analysis. Combination of orc2-1 and orc5-1 alleles with the complete set of haploid deletion mutants revealed synthetic lethal/sick phenotypes with genes involved in DNA replication, chromatin structure, checkpoints, DNA repair and recombination, and other genes that were unexpected on the basis of previous studies of ORC. Many of these genetic interactions are shared with other genes that are involved in initiation of DNA replication. Strong synthetic interactions were demonstrated with null mutations in genes that contribute to sister chromatid cohesion. A genetic interaction between orc5-1 and the cohesin mutant scc1-73 suggested that ORC function contributes to sister chromatid cohesion. Thus, comprehensive screening for genetic interactions with a replication gene revealed a connection between initiation of DNA replication and sister chromatid cohesion. Further experiments linked sister chromatid cohesion genes to silencing at mating-type loci and telomeres.
T HE origin recognition complex (ORC) plays a cencombined with ORC's association with origins during tral role in the initiation of DNA replication in the whole cell cycle, prompted us to consider whether eukaryotes. ORC consist of six subunits (Orc1p-6p), all ORC also contributes to other processes. of which are required for viability. ORC, in combination
The proper segregation of sister chromatids during with Cdc6p and a hexamer of minichromosome mainteanaphase depends on the establishment of sister chronance (MCM) proteins, forms the prereplicative commatid cohesion during S phase and chromosome condenplex (preRC) in the G 1 phase of the cell cycle. During sation before mitosis (Nasmyth 2002 ). An evolutionary S phase, preRCs activate origins by the recruitment of the conserved cohesin complex is required for cohesive linkCdc45 protein and the unwinding of the DNA, presumably age of sister chromatids ; Michaelis through the helicase activity of the MCM complex. Tight et al. 1997) . The cohesin complex binds to chromocell-cycle-mediated regulation by Cdc7p/Dbf4p and Cdc28-somes at distinct cohesion sites from late G 1 phase until cyclin dependent kinase ensures that initiation at different the metaphase-anaphase transition when the Scc1p origins is properly coordinated during the cell cycle cohesin subunits are degraded 
. (reviewed in Bell and Dutta 2002). Phenotypes of two
Cohesin binding is enriched at centromeres where cotemperature-sensitive mutants in Saccharomyces cerevisiae hesion counteracts the pulling force of the mitotic spin-ORC2 and ORC5 genes, orc2-1 and orc5-1, are characterdle before the onset of anaphase. Physical and genetic ized by high plasmid-loss rates and reduced firing of evidence indicates that establishment of sister chromachromosomal origins (Bell et al. 1993; Foss et al. 1993;  tid cohesion is also closely linked to DNA replication, Fox et al. 1995; Liang et al. 1995; Loo et al. 1995) . In most likely mediated by components of the replication addition to its replication function, ORC has a role in fork (Carson and Christman 2001) . CTF7/ECO1 is an transcriptional silencing of the HML and HMR matingessential gene that is required in S phase for establishtype loci in yeast (Foss et al. 1993; Bell et al. 1995;  Fox et ment of sister chromatid cohesion. Ctf7/Eco1 has been al. 1995) . The two roles are genetically separable (Dillin linked genetically and physically to the replication appaand Rine 1997). The separate silencing function of ORC, ratus (Skibbens et al. 1999; Toth et al. 1999; Kenna and Skibbens 2003) . Another link between sister chromatid cohesion and DNA replication came with the discovery 1 nourseothricin (clonNAT, Werner BioAgents) was amplified matid cohesion (Mayer et al. 2001) . The Ctf4 protein from plasmid pFA6::natMX4 using primers MX5Ј (5Ј-AGATC was originally identified through its binding to DNA TGTTTAGCTTGCCTCG-3Ј) and MX3Ј-orc5 (TGTTTCGAA polymerase ␣ (Miles and Formosa 1992) . Mutation of CGTATCCTGCCCTCTGGATACCTTCCAGGGAGATAAGA CTF4 also leads to a cohesion defect (Hanna et al. 2001) .
ATTCGAGCTCGTTTAAACTGGA-3Ј. MX3Ј-orc5 contains 45 bp of complementary sequence from the ORC5 stop codon.
Likewise, a nucleotidyl-transferase activity (polymerase ) DNA (10 ng) of the two fragments was combined and amplithat is encoded by TRF4 and TRF5 contributes to sister fied using primers 5Ј-orc5-top and MX3Ј-orc5. The orc2-1 allele chromatid cohesion (Wang et al. 2000) . These proteins may was amplified from plasmid pJR1675 (orc2-1 in pRS315) and contribute to the passage of the replication fork through a marked with natMX by the same method but using primers cohesion site (see Carson and Christman 2001) . Fithat were specific for ORC2 (5Ј-orc2-top, 5Ј-ATGCTAAATGG GGAAGACTTTGT-3Ј; MX5Ј-orc2, Gggacgaggcaagctaaacagatc nally, the pol2-12 mutation in DNA polymerase ε also tGAGCTCATCAGACGTTTTTCAGT-3Ј; MX5Ј, 5Ј-AGATCTG causes a cohesion defect, providing a direct connection CTAGCAAGCCTAGT between sister chromatid cohesion and a replicative ACTATTACAATTGTTCGTGATATGTTACATgaattcgagctcgtt polymerase (Edwards et al. 2003) . Interesting links betaaactgga-3Ј (Bernard et al. 2001) .
was done essentially as described previously .
Synthetic lethal interactions have been used to estab- saturation of possible interactions (Liang et al. 1995;  tetrads were dissected from each cross. Some results from the orc2-1 screen were also confirmed by random spore analysis Loo et al. 1995; Kroll et al. 1996; Zou et al. 1997) .
as described by Tong et al. (2004) .
To provide a more comprehensive view of the pro- Finally, new links were uncovered between the establish-(ctf4⌬::kanMX4), and JRY7717 (ctf18⌬::kanMX4). Plasmid-loss ment of sister chromatid cohesion and transcriptional assays were done as described previously (Loo et al. 1995), silencing.
except that growth in nonselective medium was for 9 or 10 generations at 30Њ. Sister chromatid cohesion assay: Tet repressor-green fluorescent protein (GFP)/Tet operator repeat constructs were MATERIALS AND METHODS used to visualize the URA3 region on chromosome V (Michaelis et al. 1997) . TetR-GFP was expressed from K3524/yplac128tetR-Synthetic genetic array analysis: To transfer the orc5-1 allele GFP (URA3-5ЈNLStetR-SuperGlowGFP-ADH-T::LEU2::leu2-3,112). to strains marked for SGA, the orc5-1 allele was amplified from
The K2524 construct was integrated into JRY4012 to generate plasmid pJR1759 (orc5-1 clone in pRS414) using a forward JRY7468. JRY7469, JRY7470, and JRY7471 were generated from primer that is complementary to the first 25 bp of the ORC5 JRY7468 with JRY4285 (orc5-1) and ROY1063 (scc1-73) . To open reading frame (5Ј-orc5-top, 5Ј-ATGAATGTGACCACTC mark the URA3 locus, these strains were transformed with CGGAAG-3Ј) and a reverse primer annealing 184 bp downplasmid pXH122 (p306tetO2X224 ChV-38; stream from the stop codon (3Ј-orc5-TEF, GGGACGAGGCA that was linearized with EcoRV. Cells from overnight cultures AGCTAAACAGATCTCTAGTGGACTGAATTAATAACGGT). The nourseothricin-MX4 that confers resistance to the antibiotic were diluted to A 600 ‫1.0ف‬ and grown for 3 hr at 31Њ in SC-Ura that encodes a newly identified component of the replication checkpoint (Tong et al. 2004) . Compared with the replication checkpoint, DNA damage checkpoint RESULTS mutants that exhibit reduced viability in combination with other replication mutants (see Figure 1C) were Synthetic genetic array analysis has been used to identify large networks of interacting genes (Tong et al. found to be only slightly sick in combination with orc2-1 (rad9⌬ and rad24⌬; Table 2 ) or were not picked up in 2001). This success prompted the application of this method to genes involved in the initiation of DNA replithe orc-ts screens (chk1⌬, mec3⌬, rad17⌬, and ddc1⌬).
Other double-mutant combinations with orc-ts mucation. Applying the synthetic genetic array methodology, we found 38 genes that show reduced growth with tants revealed connections that were not anticipated. For example, FUN30 is a member of the Swi/Snf2 family, orc2-1 ( Figure 1A) . Interactions from the synthetic lethal screens were retested by either tetrad dissection or ranwhose other members play a role in chromatin remodeling. Another possible link between replication and chrodom spore analysis, with sample data shown for orc2-1 and orc5-1 combined with mrc1⌬ ( Figure 1B ). More inmatin remodeling was revealed by the interaction with ISW1, an Snf2-related chromatin-remodeling factor. teracting genes were recovered in the orc2-1 screen than in the orc5-1 screen (Table 2) . However, all results from
Factors that have a role in the deposition of nucleosomes onto newly replicated DNA were also prominent the orc5-1 screen were also found in the orc2-1 screen. This complete overlap suggests that both Orc2p and in the screens with orc2-1, orc5-1, and other replication mutants. Furthermore, different genes that have a role Orc5p function in only one essential process. Lower recovery of interactions with orc5-1 was in part due to in histone modification were also identified, thus strengthening a link between replication and chromatin assemminor differences in the conditions of the screens using the two mutants and, perhaps, due to orc2-1 being more bly or function. Growth defects in orc-ts strains were observed in combination with a null allele of the NAD ϩ -defective than orc5-1 at some temperatures. The results of the ORC screens overlapped extensively with those dependent histone deacetylase gene HST3 and its paralog HST1. Interestingly, a synthetic sick interaction was from the synthetic lethal screens with cdc45-1 and cdc7-1 ( Figure 1C ), which are described elsewhere (Tong et also found when orc5-1 and orc2-1 were combined with the sum1⌬ mutation. SUM1 encodes a repressor of midal. 2004) . Considering the occurrence of false-negative results from the robotic screen, the overlap could be dle meiotic genes and requires the deacetylase activity encoded by HST1 for its function (Xie et al. 1999) . even more extensive. Thus, the pattern of synthetic lethal interactions clearly supported the common view Several genes that have no known role in the replication process but have established roles in other cellular prothat the major role of ORC is in DNA replication. ORC Function Links Replication, Cohesion and Silencing Chromosome structure
Confirmation of synthetic lethal interactions by random spore analysis (RSA) and tetrad dissection. SL, synthetic lethal; SS, synthetic sick.
a These interactions were also confirmed in the W303 background. b These interactions were found only in the orc2-1 screens, but were also confirmed for orc5-1. cesses [e.g., LSM1 in mRNA capping (Tharun et al. 2000) netic interactions of orc-ts alleles with components of one alternative RFC complex that replaces the canonical and CIK1 and BIM1 in microtubule function (Page and Snyder 1992; Schwartz et al. 1997) ] also caused synRfc1 subunit (Mayer et al. 2001) , we also analyzed the genetic interaction between ORC and the canonical thetic sickness or lethality when combined with orc2-1 and orc5-1. The synthetic lethal screens also revealed interacRfc1 subunit gene, RFC1. The combination of the cdc44-5 mutation in RFC1 with orc5-1 was lethal ( Figure 2C ). tions of cdc45-1 and cdc7-1 with mad1⌬ and bfa1⌬, which are involved in the spindle checkpoint mechanism (see Previously, genetic interactions have linked CTF4 and CTF18 genes with components of the replication fork Lew and Burke 2003) . Activation of the spindle checkpoint at restrictive temperature by orc-ts and other repli- (Hanna et al. 2001) . To determine whether the genetic interactions with initiation mutants revealed a role of cation mutations has been shown previously (Garber and Rine 2002) .
CTF4 and CTF18 in the initiation of DNA replication, plasmid-loss rates were measured using plasmids that conLinks between ORC and sister chromatid cohesion: Among the especially strong interactors with orc5-1 or tain one (pDK243) or eight ARS1 sequences (pDK368-7) (Hogan and Koshland 1992) . In orc-ts strains that have orc2-1 alleles were null alleles of genes that are involved in the establishment of sister chromatid cohesion dura defect in the initiation of DNA replication, a high plasmid-loss rate of plasmid pDK243 containing one ing S phase. These genetic interactions included CTF4 and three genes, CTF8, CTF18, and DCC1, that encode ARS is suppressed by the addition of multiple ARSs (Fox et al. 1995) . No suppression of plasmid loss by multiple subunits of the alternate RFC complex that is important for sister chromatid cohesion (Figure 2A ). The doubleARSs was found in ctf4⌬ and ctf18⌬ strains. Plasmid-loss rates for pDK243 and pDK368-7 were 9.4 and 13.1% for mutant segregants grew to microcolonies that consisted of large budded cells. Strong genetic interactions of ctf4⌬, 16.3 and 18.8% for ctf18⌬, 16.5 and 1.8% for orc5-1, and 0.3 and 0.07% for wild-type control strain. CTF sister chromatid cohesion genes were also found with cdc6-1 and mcm2-1 ( Figure 2B ) and cdc45-1 and cdc7-1 Thus, by this assay, no link was found between CTF4 and CTF18 and replication initiation. (Figure 1C and data not shown) . Given the strong ge- 
Given the strong genetic interactions of orc5-1 and
To determine whether the reduced growth of the scc1-73 orc5-1 double mutant reflected a more severe cohesion orc2-1 alleles with ctf4⌬ and mutants in the CTF18-Rfc complex, the orc5-1 allele was also tested for genetic defect, strains expressing a tet repressor-GFP fusion protein and carrying tandem tet operator sequences inteinteractions with two genes, TRF4 and TRF5, that have overlapping roles in sister chromatid cohesion (Wang grated at the URA3 locus of chromosome V were used to evaluate cohesion at a specific locus. Premature loss et al. Edwards et al. 2003) . The trf4⌬ orc5-1 segregants grew only slightly less well than the trf4⌬ single of sister chromatid cohesion in nocodazole-arrested cells can be detected by the appearance of cells conmutants ( Figure 2D ). No genetic interaction was evident between orc5-1 and trf5⌬ ( Figure 2D) . The weaker or taining two GFP dots instead of one ( Figure 3B ). In three different experiments, the fraction of wild-type nonexistent interactions between orc-ts mutations and trf4⌬ or trf5⌬ mutations may reflect a less direct role cells arrested at G 2 /M with nocodazole containing two GFP dots with tet operators at URA3 was ‫.%8ف‬ In an for Trf4p and Trf5p in the coupling of sister chromatid cohesion with DNA replication.
scc1-73 strain, an elevated loss of sister chromatid cohesion (16% cells with two spots) was evident at the semi-ORC function affects sister chromatid cohesion: Given that the synthetic interaction between orc-ts mutations permissive temperature of 31Њ ( Figure 3C ). The orc5-1 scc1-73 double mutant exhibited a cohesion defect suband mutations in sister chromatid cohesion genes did not seem to reflect roles for the cohesion proteins in stantially greater than that of the scc1-73 single mutant (29% of cells with two spots). Thus, reduced ORC funcreplication initiation, we explored whether ORC might contribute in some way to efficient sister chromatid cohetion enhanced the cohesion defect of scc1-73 cells. A potential source of artifacts in this analysis would be an extra sion. The orc5-1 allele was combined with the scc1-73 mutation in the core cohesin complex. The scc1-73 mutation copy of the chromosome containing the tet operator repeats. To determine whether the elevated level of cells by itself leads to a precocious separation of sister chromatids before the onset of anaphase at its restrictive with two spots resulted from a cohesion defect or from the presence of an extra chromosome, chromosomes temperature (Michaelis et al. 1997) . Both orc5-1 and scc1-73 have a restrictive temperature at 32Њ-33Њ. At 31Њ, marked at the URA3 locus were scored in cells that were arrested in G 1 phase by ␣-factor. These cells are expected both single mutants showed robust growth. However, growth of the orc5-1 scc1-73 double mutant was comproto contain only a single fluorescent dot, unless they have a second copy of the marked chromosome. The mised at this temperature, whereas at 23Њ and 26Њ, the orc5-1 scc1-73 double mutant grows as well as the orc5-1 frequency of G 1 cells containing two marked chromosomes was low in all cases. Some chromosome missegresingle mutant ( Figure 3A) . Thus, the combination of orc5-1 and scc1-73 revealed a synthetic growth defect at gation was observed in scc1-73 and scc1-73 orc5-1 strains (Ͻ5%; Figure 3D ). However, the few G 1 cells with two the maximum permissive temperature. Cultures were grown to midlog phase A 600 ‫1ف‬ and 100 l from 1:10 4 dilutions was plated on YPD plates. Strains JRY7480-JRY7483 and JRY7719 contained the HMR::2EDA marker from JRY5329. The orc5-1R allele was derived from JRY4555. (B) Combined effect on silencing of HMR::2EDA by ctf4⌬ and rap1-12. Cells were streaked on YPD at 30Њ for 3 days and then incubated at 4Њ for 3 additional days. Strains were JRY3371, JRY3372, JRY5329, JRY7484-JRY7486, JRY7488, and JRY7489. marked chromosomes could not account for the large served when ctf4⌬ and ctf18⌬ strains contained the ADE2 gene in the opposite orientation with a weakened HMR number of chromosomes with two spots in G 2 /M phase that were therefore the consequence of a sister chroma-E silencer (HMR⌬B::ADE2; not shown). Thus, CTF4 and CTF18 contributed to silencing at the HMR locus. tid cohesion defect.
A subtle cohesion defect was evident in the orc5-1 single The roles of ORC in replication and silencing are genetically separable (Ehrenhofer-Murray et al. 1995;  mutant at semipermissive temperature (31Њ-32Њ) compared to wild type. This small difference was reproducDillin and Rine 1997). Strains containing the orc5-1R allele are competent in initiation of DNA replication ible but not statistically significant. A similar result was obtained for orc2-1 cells arrested at semipermissive tembut compromised in silencing HMR. An orc5-1R strain that contains the ADE2 gene at the HMR locus formed perature (not shown). Furthermore, we observed no increase in the number of separated sister chromatids in colonies with red and pink sectors, which indicated switching between repressed and derepressed states. This orc5-1 single mutants at the restrictive temperature of 36Њ (not shown). Thus, defective sister chromatid cohesion is phenotype is also observed in strains lacking the ARS consensus sequence in the HMR E silencer or in strains not a major phenotype of orc-ts mutations. However, the reduction in the permissive temperature and the enhanced with a mutation in the RAP1 gene (Sussel et al. 1993) . When the ctf4⌬ mutation was combined with orc5-1R, cohesion defect in the orc5-1 scc1-73 double mutant revealed some role of ORC in sister chromatid cohesion. the colonies were white, indicating complete derepression of ADE2 ( Figure 4A) . Therefore, the effect of the ctf4⌬ Sister chromatid cohesion genes and transcriptional silencing: Silencing functions have been established for null mutation on transcriptional silencing was independent of ORC. Similarly, ctf4⌬ led to an enhanced deredifferent DNA replication genes, including POL30, CDC44, POL2, CDC45, DPB4, and DPB11 (Ehrenhoferpression of HMR::2EDA in combination with the rap1-12 allele ( Figure 4B ). The pink and white colony color was Murray et al. 1999; Zhang et al. 2000) . Therefore, genes with new roles in DNA replication that were identified caused by the growth defect in the mutants since singleand double-mutant colonies are red in strains without in our screens could, in principle, also have potential functions in silencing. Ctf4p and the alternative RFC ADE2. Furthermore, silencing in an orc5-1R ctf4⌬ double mutant at the HML locus was also partially defective as complex are thought to help establish sister chromatid cohesion during the replication process and could conjudged by ␣-factor confrontation assay. About 10% of the double-mutant cells grew into small colonies after nect establishment of cohesion with silencing. To study transcriptional repression in ctf4⌬ and ctf18⌬ strains at 14 hr at 23Њ in the presence of ␣-factor, whereas all wildtype or single-mutant cells remained arrested by ␣-factor the HMR locus, strains with ADE2 inserted into HMR were used (HMR::2EDA; Figure 4 ). Complete repression (not shown).
To assay silencing at telomeres in cohesion mutants, of the ADE2 gene results in red colonies, whereas derepression of ADE2 produces white colonies, and partial strains were used that contained either the URA3::TRP1 reporter at telomere VII-L ( Figure 5A ) or the ADE2 gene derepression produces pink colonies. The colony color in ctf4⌬ colonies with the HMR::2EDA reporter was pink, at telomere V-L ( Figure 5B ). When strains containing TELVII-L::URA3::TRP1 were assayed on 0.1% 5-FOA mewhereas wild-type colonies were red ( Figure 4A ). Colonies were also predominantly pink in a ctf18⌬ mutant dium, selecting against URA3 function, ctf4⌬ strains did not grow, whereas ctf18⌬ and dcc1⌬ strains formed small strain ( Figure 4A ). Derepression of ADE2 was also ob- colonies. The wild-type control strain grew well, indicatcover roles for ORC in processes that are not limited to origins of replication. Synthetic lethal or synthetic ing that URA3 was silenced at this location, whereas the silencing defective sir2⌬ strain did not. The TRP1 gene sick interactions seen with orc-ts mutations were, to a large extent, recapitulated with temperature-sensitive at telomere VII-L was also derepressed in ctf4⌬, ctf18⌬, and dcc1⌬ mutants, although to a lesser extent than in the mutations in other replication genes, such as cdc7-1 and cdc45-1. Thus, many of these interactions reflected gene sir2⌬ control strain. In wild-type cells, partial repression of the ADE2 gene at telomere V-L leads to a phenotype of functions that became paramount regardless of how replication was compromised. In this study, we investired and white sectored colonies ( Figure 5B ). In contrast, ctf4⌬ and ctf18⌬ with this reporter were white. Thus, gated most thoroughly the links that were discovered between ORC and genes whose previously known func-CTF4 and CTF18/DCC1 contributed to transcriptional silencing at two different telomeres.
tion was in the establishment of sister chromatid cohesion. Because of ORC's role in both silencing and replication, we explored possible links among these three processes.
DISCUSSION
Temperature-sensitive orc-ts mutations in combination with mutations in sister chromatid cohesion genes Synthetic lethal or synthetic sick interactions can occur by several mechanisms. Synthetic lethality that reresulted in reduced viability at temperatures permissive for the individual mutations. These interactions did not sults from the combination of two temperature-sensitive mutations affecting the same essential process, such as appear to reflect a defect of cohesion mutants in replication initiation. Rather the reduced viability in an orc5-1 DNA replication, can be understood as too little residual activity to support growth. Indeed, most previous synscc1-73 double mutant was likely caused by an enhanced cohesion defect. Synthetic lethal interactions are also thetic lethal interactions with ORC mutants were of this type (Loo et al. 1995; Hardy 1996) . The analysis here observed for cohesion mutants in combination with mcm2-1, cdc6-1, cdc7-1, and cdc45-1 mutations, and hence is qualitatively different from these in that our screen involved combining all null alleles of nonessential genes we favor the notion that the interaction reflects a dependence of robust sister chromatid cohesion on initiation with temperature-sensitive alleles of ORC genes. This approach allowed us to ask which genes become essenof DNA replication. A link between initiation of DNA replication and sister chromatid cohesion was found in tial when ORC function is reduced. Genes identified in this way are candidates for roles at replication origins S. pombe. Here, a mutation in hsk1 ϩ , which is the homolog of the S. cerevisiae CDC7 encoded serine threonine and at the replication fork and can, in principle, un-kinase, leads to a cohesion defect (Takeda et al. 2001;  couple the initiation of DNA replication with the establishment of sister chromatid cohesion. Bailis et al. 2003) .
However, orc5-1 alone showed no obvious cohesion We demonstrated that the genes important for the establishment of sister chromatid cohesion, CTF4, CTF18, defect compared to wild-type strain. Furthermore, the majority of chromosomal cohesin binding sites do and DCC1, also contributed to silencing of HMR, HML, and telomeres. A partial defect in telomeric silencing not co-localize with origins (Blat and Kleckner 1999; Laloraya et al. 2000) . Thus, ORC's involvement in cohas also been observed in an scc1-73 strain at semipermissive temperature (P. Kaufman, personal communihesion is presumably not completed at replication origins. Cohesion between sister chromatids is established cation). In principle, indirect effects on chromosome organization that occur in these mutants could explain at the time of replication, presumably by processes that occur at the replication fork. At permissive temperature, such links. A mutation in a cohesin subunit removed a boundary for the spread of heterochromatin at the HMR the orc2-1 mutation leads to a 30% reduction in the number of replication forks (Shimada et al. 2002) , and locus (Donze et al. 1999) . Spreading of heterochromatic factors into the adjacent euchromatin might dilute hetpresumably this loss is greater the closer to the restrictive temperature the mutant is grown. We speculate that erochromatin components and decreases transcriptional silencing (Meneghini et al. 2003) . Thus, sister there may be a limit to the amount of cohesion that can be established at any given fork. In this model, the chromatid cohesion could be important for the proper separation and distribution of euchromatin and heteroreduction in the number of replication forks in the mutants leads to less cohesion, which becomes growth chromatin.
More direct models are supported by the temporal limiting in cells with temperature-sensitive Scc1p.
Although an enhanced cohesion defect provides an coincidence of the establishment of sister chromatid cohesion in S phase with chromatin assembly and the explanation for the reduced viability in the orc5-1 scc1-73 double mutant, other mechanisms might also conestablishment of silencing (Miller and Nasmyth 1984; Shibahara and Stillman 1999; Zhang et al. 2000 ; Kirchtribute to the strong genetic interactions of ORC with cohesion genes. CTF4 and genes encoding components maier and Rine 2001; . Recent work suggests that cohesins have to be removed before silencing of the Ctf18-RFC are sensitive to different DNA-damaging agents . Furthermore, cohesion is complete (Lau et al. 2002) , which implies an inhibitory role for cohesins in silencing. Our data present the is important for recombinational repair (Sjogren and Nasmyth 2001). It is possible that the repair of broken reciprocal view that cohesion establishment contributes positively to silencing, suggesting a more complex interreplication forks could lead to a dependence of orc-ts mutants on cohesion genes. CTF18 also has an overlapplay between proteins involved in the two processes. Defects in transcriptional silencing have been shown ping role with RAD24 in the replication checkpoint (Naiki et al. 2001) . Moreover, replication mutants for chromatin assembly factors that are associated with the replication fork (Kaufman et al. 1998 ; Tyler et al. strongly interact with the replication checkpoint genes MRC1, TOF1, and CSM3 ( Figure 1C) . Thus, proper repli-1999; Sharp et al. 2001) . Similarly, Ctf4p and the Ctf18-RFC complex could also affect silencing by their possible cation checkpoint function could be important for viability of orc-ts and other replication mutants, and the function at the replication fork. This also raises the question of whether the cohesion phenotypes in ctf4⌬ and cohesion phenotypes in the ctf mutants may be an indirect consequence of improper DNA replication or failcf18⌬ are a consequence of a defective organization of newly replicated chromatin. The involvement of cohesion ure of the replication checkpoint. During the final stage of preparing this manuscript, work was in press that also factors in transcriptional silencing demonstrates therefore an interdependence of DNA replication, chromosome demonstrated a cohesion function for other genes that were identified in our screens (Mayer et al. 2004 ; Warstructure, and proper chromosome segregation. DNA replication, like other DNA-dependent processes, ren et al. 2004). Importantly, synthetic lethal screens for genes interacting with ctf4⌬ and ctf8⌬ also established a must contend with the organization of DNA into nucleosomes and higher-order chromatin structures. Previous role in sister chromatid cohesion for the replication checkpoint genes MRC1, TOF1, and CSM3.
work established the contribution of positioned nucleosomes to replication initiation at ARS1 (Simpson 1990 ; Only a slight interaction was observed between orc5-1 and trf4⌬ and essentially none between orc5-1 and trf5⌬, Lipford and Bell 2001) . The identification of multiple genes with roles in nucleosome remodeling and histone suggesting that the roles of Trf4p and Trf5p are mechanistically distinct from those of Ctf4p, Ctf18-RFC, and modification in our screens suggests that specific aspects of chromatin structure influence replication. Mobilizaother cohesion factors. Thus, it seems likely that some cohesion factors are more intimately connected to the tion of nucleosomes by chromatin-remodeling factors may promote origin firing or fork progression. The rereplication process than others. Plasmid-loss experiments suggested that Ctf4p and Ctf18p did not directly covery of histone acetyltransferases, NAD ϩ -dependent protein deacetylase paralogs, and chromatin-remodelaffect initiation of DNA replication. However, this does not exclude the possibility that these proteins somehow ing factors in the screen implies a deep and potentially assembly and DNA damage checkpoints in the cell-cycle response complex relationship between chromatin structure and to altered chromosomes in Saccharomyces cerevisiae. Genetics 161:
DNA replication.
